STATEMENT 31 Here we present a survey of previously uncharacterized structures we have observed in bacterial 32 cells by electron cryotomography, in the hopes of spurring their identification and study. 33 34 ABSTRACT 35 Electron cryotomography (ECT) can reveal the native structure and arrangement of 36 macromolecular complexes inside intact cells. This technique has greatly advanced our 37 understanding of the ultrastructure of bacterial cells. Rather than undifferentiated bags of 38 enzymes, we now view bacteria as structurally complex assemblies of macromolecular 39 machines. To date, our group has applied ECT to nearly 90 different bacterial species, collecting 40 more than 15,000 cryotomograms. In addition to known structures, we have observed several, to 41 our knowledge, uncharacterized features in these tomograms. Some are completely novel 42 structures; others expand the features or species range of known structure types. Here we present 43 a survey of these uncharacterized bacterial structures in the hopes of accelerating their 44 identification and study, and furthering our understanding of the structural complexity of 45 bacterial cells. 46 47 IMPORTANCE 48 Bacteria are more structurally complex than is commonly appreciated and we present here a 49 number of interesting structures that will initiate new lines of research investigating their 50 identities and roles. 51 on July 3, 2017 by UNIV DE MONTREAL http://jb.asm.org/ Downloaded from 52 The history of cell biology has been punctuated by advances in imaging technology. In 53 particular, the development of electron microscopy in the 1930s produced a wealth of new 54
INTRODUCTION 4 A major hurdle in such studies is identifying the novel structures observed in tomograms. In 74 some cases, we have identified structures by perturbing the abundance (either by knockout or 75 overexpression) of candidate proteins (Ingerson-Mahar et al., 2010) . In others, we have used 76 correlated light and electron microscopy (CLEM) to locate tagged proteins of interest (Briegel et 77 al., 2008 , Chang et al., 2014 . In one striking example, we observed 12-and 15-nm wide tubes 78 in our tomograms of Vibrio cholerae cells. Ultimately, in collaboration with John Mekalanos' 79 group, we identified them as type VI secretion systems (T6SS), which immediately led to the 80 insight that the bacterial T6SS functions as a phage-tail-like, contractile molecular dagger 81 (Basler et al., 2012) . 82 83 Many other novel structures we have observed, though, remain unidentified. In some cases, we 84 have published papers describing the novel structures seen in a particular species (e.g. (Murphy 85 et al., 2008 , Muller et al., 2014 ), but many have never been published. We therefore conducted 86 a visual survey of the tomograms collected by our group, curated in the Caltech Tomography 87
Database (Ding et al., 2015) , as of 2015 and present here a catalog of previously undescribed 88 bacterial structures. Some structures are, to our knowledge, completely novel; others belong to 89 known types but present additional features or an expanded species range. We hope that sharing 90 these images will help spur their identification and study, contributing to our expanding 91 understanding of bacterial cell biology. In addition, we look forward to a future in which custom 92 microbes are designed for diverse medical and industrial purposes; an expanded "parts list" of 93 structures to be repurposed will aid in this effort. 94 95 96 on July 3, 2017 by UNIV DE MONTREAL http://jb.asm.org/ Downloaded from 6 intra-or extracellularly, no free-floating appendages were ever observed in the extracellular 120 space. They may represent novel bacterial attachment organelles or appendages for nutrient 121 acquisition, which has been proposed for a similar structure-the Caulobacter stalk. Under 122 phosphate limited conditions, Caulobacter grew elongated stalks (Gonin et al., 2000) . This 123 increase in cell surface area with respect to cell volume was proposed to allow increased 124 phosphate uptake (Wagner et al., 2006) . However, the presence of diffusion barriers challenges 125 this view (Schlimpert et al., 2012) . The appendages could also be a novel secretion system 126 (though we might expect a cell envelope spanning complex) or a novel bacteriophage (though 127 there is a notable lack of a capsid-like density). 128
129
We observed a different novel extracellular appendage in tomograms of cell poles of 130
Azospirillum brasilense, a plant growth-promoting bacterium of the α-Proteobacteria class with 131 a curved rod morphology. Thin hooks were seen extending out from the cell surface ( Figure 2 ). 132
Individual cells exhibited dozens of hooks, each ~3 nm wide and ~75 nm long, associated with 133 the outer membrane. The cells are large and most tomograms only included the cell pole region, 134 so while hooks were only observed at the pole region, they may also occur elsewhere on the cell. 135
Hooks were seen in >90% of wild-type cells as well as in a strain in which the operon encoding 136 the Che1 chemotaxis system was deleted. They were seen in ~50 % of cells in which the Che4 137 chemotaxis system operon was deleted, and none were seen in cells lacking both the Che1 and 138 Che4 operons. A. brasilense is a well-studied plant growth-promoting bacterium. Cells attach to 139 plant roots through a two-step process (De Troch & Vanderleyden, 1996): a rapid, reversible 140 adsorption thought to be mediated by the polar flagellum; and a slow, irreversible anchoring, 141 thought to be mediated by an as-yet unidentified surface polysaccharide (Steenhoudt & 142 on July 3, 2017 by UNIV DE MONTREAL http://jb.asm.org/ Downloaded from Vanderleyden, 2000) . A recent study reported that mutants in components of the Che4 143 chemotaxis system are defective in this root colonization (Mukherjee et al., 2016) . A. brasilense 144 cells also attach to conspecifics in the presence of elevated oxygen levels (Bible et al., 2015) . 145
Interestingly, it has been shown that mutants in components of the Che1 chemotaxis system form 146 such attachments more rapidly than wild-type cells (Bible et al., 2012) . The hooks we observed 147 are vaguely reminiscent of the grappling hook-like structures that an archaeal species uses to 148 anchor itself in biofilms (Moissl et al., 2005) , though those hooks were longer fibers with barbs. 149
Those archaeal cells demonstrated very strong adhesion to a variety of surfaces as well as to each 150 other. It is therefore tempting to speculate that the hooks shown here play a similar role in 151 adhesion, either to other A. brasilense cells or to plant roots. 152
153
In cells of strain JT5 (a rod-shaped bacterium isolated from termite gut and related to the 154 Dysgonomonas genus), we observed abundant fimbriae concentrated at the cell poles ( Figure 3 ). 155
Fimbrae were also observed at the cell body but were much more concentrated at the cell poles. (Figure 4 ). The diameter of the nanospheres ranged from ~18-37 nm, 170 and the walls were ~4-10 nm thick. They were pleomorphic: most were roughly spherical, but 171 some were oblong or comma shaped. Each cluster contained about two dozen nanospheres. The 172 clusters were observed at the cell periphery, near the inner membrane (although the clusters were 173 large enough to extend to the center of the cell), and were always observed in close proximity to 174 a filament array structure (discussed below). 175 176
Filaments, bundles, arrays, chains and meshes 177
One of the strengths of ECT imaging is its power to resolve cytoskeletal elements in small 178 bacterial cells. In addition to those we have already identified, we observed many novel 179 filamentous structures in tomograms, including filament arrays, bundles, chains and meshes 180 ( Figure 5 ). In Hyphomonas neptunium, we observed long helical filament bundles in the 181 prosthecae that connect dividing cells ( Figure 5A ). The helix width was 9.5 ± 1.5 nm, the 182 spacing between cross-densities 6.0 ± 0.3 nm, and the helical pitch ~26 o . H. neptunium divides 183 by asymmetric budding (Weiner et al., 2000) and the genome of the parent cell is passed to the 184 daughter cell through the narrow prostheca connecting the two cells (Zerfas et al., 1997) . We 185 observed that the helical structure was straightened in cells treated with ethidium bromide (an 186 intercalator known to unwind DNA (Pommier et al., 1987) ) ( Figure 5B ). We therefore propose 187 on July 3, 2017 by UNIV DE MONTREAL http://jb.asm.org/ Downloaded from that the helix is composed of supercoiled DNA, with each visible filament a DNA duplex 188 connected to adjacent duplexes by cross-densities formed by an unidentified protein. 189
190
In Helicobacter pylori cells we observed extensive filament bundles. In one cell in an early 191 stage of lysis, such bundles were observed throughout most of the cell ( Figure 5C ). In V. 192 cholerae we observed filament arrays resembling a honeycombed mesh ( Figure 5D ). These 193 arrays varied in length, but were usually fairly short (~100 nm in length and width), like the 194 example shown in Figure 5E . This is the structure we observed near the nanosphere clusters. 195
Filament arrays exhibited different morphologies in other species. Thiomonas intermedia cells 196 contained untwisted arrays ~48 nm thick, ~30 nm wide ( Figure 5F ). In addition to the prosthecal 197 helix described above, H. neptunium cells also contained a bundle of twisting filaments laddered 198 by cross-densities ( Figure 5G ). These bundles were ~40 nm thick and ~75 nm wide. In a 199
Hylemonella gracilis cell we observed a helical bundle of filaments that varied in width and 200 could be related to the nucleoid ( Figure 5H ). In Halothiobacillus neapolitanus c2 cells grown in 201 limited CO 2 for several hours we observed linear filament arrays with prominent cross-densities 202 spaced 7 ± 0.8 nm apart ( Figure 5I ). Mycobacterium smegmatis displayed straight arrays ~80 nm 203 thick and wide, comprising segments of pitched filaments ( Figure 5J ). Filament arrays were also 204 seen in multiple species of Prosthecobacter: P. vanneervenii contained linear chains ( Figure 5K ) 205 and one P. debontii cell contained a straight array similar to those observed in T. intermedia 206 ( Figure 5L ) as well as mesh-like arrays spanning the width of the prostheca ( Figure 5M ). 207
208
In starving Campylobacter jejuni cells, we observed regular filament arrays ( Figure 5N Figure 7A ). H. neapolitanus c2 cells also contained large tubes (16.7 ± 0.7 nm 249 diameter) with a central filament ( Figure 7B ). In several other species, we observed hollow tubes 250 of varying dimensions: 8.9 ± 0.3 nm diameter in Bdellovibrio bacteriovorus ( Figure 7C ), 14.3 ± 251 1.7 nm in T. intermedia ( Figure 7D ), and 8.3 ± 0.5 nm in H. neptunium ( Figure 7E ). H. 252 neptunium cells also contained many rings of similar diameter. In fact, we observed rings in 253 many species, which could be assembly or disassembly intermediates of tubes. and contents, and were frequently found near the cytoplasmic membrane. Figure 8 shows 272 examples of round and horseshoe-shaped vesicles. Round vesicles were found in nearly every 273 species imaged, and therefore no statistics for them are compiled in Supplementary Table 1 . 274
Most round vesicles were empty (density similar to background; e.g. Figure 8A -C). One of these 275 vesicles, observed in a lysed cell (improving clarity by reducing cytoplasmic crowding), 276 exhibited regularly spaced protein densities around its exterior ( Figure 8C ). Others were at least 277 partially filled with denser material (e.g. Figure 8D vesicles containing a dense amorphous core ( Figure 8F) . These could be a novel form of 280 membrane-bound inclusion bodies, perhaps packaged from the periplasm. In eight species, we 281 observed horseshoe-shaped vesicles (Figure 8G-H) . We also observed periplasmic vesicles in many species (Figure 10 ). They were typically empty 298 and exhibited great variability in size, shape, and abundance. In some cases, they were even seen 299 to form branching networks ( Figure 10A Here we present the results of a survey of, to our knowledge, uncharacterized bacterial structures 306 that we have observed in our work over the last 10+ years. We hope that further study will 307 identify them and their functions. Already, they signal the wealth of complexity still to be 308 discovered in bacterial cells. 309
310

MATERIALS and METHODS
311
Strains and growth 312
Unless otherwise noted, bacterial strains were wild-type and grown in species-standard medium 313 and conditions to mid-log or early stationary phase. Azospirillum brasilense cultures were 314 switched to nitrogen-free medium for ~16 hours prior to imaging to induce nitrogen fixation and 315 digestion of storage granules that decrease image quality. Predatory Bdellovibrio bacteriovorus 316 cells were co-cultured with Vibrio cholerae strain MKW1383. Helicobacter pylori cells were 317 cultured with human gastric carcinoma cells. Vibrio cholerae and Borrelia burgdorferi were 318 grown according to conditions in (Briegel et al., 2009; Briegel et al., 2016) . E. coli were grown 319 according to conditions in (Briegel et al., 2013; Briegel et al., 2012) . Caulobacter crescentus 320 were grown according to conditions in (Briegel et al., 2011) . Prosthecobacters were all grown 321 according to conditions in (Pilhofer et al., 2011) . Hyphomonas neptunium was grown according 322 to conditions in (Cserti et al., 2017) . 323 on July 3, 2017 by UNIV DE MONTREAL http://jb.asm.org/
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In all cases, samples of cells in growth medium were mixed with BSA-treated 10 nm colloidal 325 gold fiducials (Sigma), applied to glow-discharged EM grids (Quantifoil), and plunge-frozen in a 326 liquid ethane-propane mixture (Tivol et al., 2008) . Grids were maintained at liquid nitrogen 327 temperature throughout storage, transfer, and imaging. 328 329
Electron cryotomography 330
The references to growing conditions above also provide specific data collection settings. 331
Generally, plunge-frozen samples were imaged using either a Polara or Titan Krios 300 kV FEG 332 transmission electron microscope (FEI Company) equipped with an energy filter (Gatan). 333
Images were recorded using either a lens-coupled 4k x 4k UltraCam CCD (Gatan) or a K2 334 Summit direct electron detector (Gatan). Tilt-series were recorded from -60 o to +60 o in 1-2 o 335 increments, with defoci of ~6-12 µm and a cumulative dose of ~100-200 e -/Å 2 . Tilt-series were 336 acquired automatically using either Leginon (Suloway et al., 2009) or UCSF Tomography 337 (Zheng et al., 2007) software. Tomographic reconstructions were calculated using either the 338 IMOD software package (Kremer et al., 1996) or Raptor (Amat et al., 2008) . 3D segmentations 339 and movies were produced with IMOD (Kremer et al., 1996) . Subtomogram averages were 340 calculated using PEET software (Nicastro et al., 2006) . 
